Introduction
The capability of a fungus to cause infection is simply an accidental encounter in its life cycle, but the fungus must survive and replicate in the host to cause disease. Therefore, more subtle factors, such as the ability to survive and/or grow within the host are essential to enable the fungus to produce disease [1] . For example, genes controlling stress response factors, such as heat shock proteins, also function as virulence factors in fungi. Another such important group may be those that confer protection from reactive oxygen species (ROS). Oxidant inactivation relies upon a variety of enzymes including catalase, catalase-peroxidase and superoxide dismutases (SODs). SODs, the first line of antioxidant defense, are metalloenzymes that catalyze the transformation of O 2 ( to O 2 and H 2 O 2 [2] , whereas catalases subsequently convert H 2 O 2 to water.
The primary role of SODs is to protect cells from endogenously generated superoxide anion, which is a by-product of normal aerobic respiration. SODs can be complexed with iron, manganese, and copper plus zinc. The iron and manganese SODs are genetically similar to each other, whereas the Cu, Zn SOD exhibits no significant homology with the other two enzymes [3 Á6 ]. Eukaryotic cells generally possess a Mn SOD in the mitochondrial matrix as well as a Cu, Zn SOD located predominantly in the cytoplasm and, to a lesser extent, in peroxisomes [7, 8] . The peripheral location of the Cu, Zn SOD suggests that it may protect the surface of fungi against extracellular superoxide generated by host cells. Host phagocytosis cells exploit the deleterious biological effects of ROS in their nonspecific host defense against pathogens. It is not surprising, given its role, that SOD has been implicated in intracellular pathogen survival and as a virulence factor in some bacteria and fungi, such as Mycobacterium tuberculosis [9, 10] and Cryptococcus neoformans [11] .
Penicillium marneffei has emerged from relative obscurity to become a common cause of opportunistic infection in patients who have HIV infection, which is endemic in Southeast Asia [12, 13] . P. marneffei is the only known Penicillium species that exhibits temperature-dependent dimorphic growth. In colonies grown at 258C, the organism appears as mycelia with a microscopic morphology typical of the genus Penicillium . At 378C or in vivo, the fungus presents as unicellular, oval or elongated cells in histiocytes and macrophages. Infection by P. marneffei appears to begin following phagocytosis of inhaled conidia by host alveolar macrophages. As a facultative intracellular pathogen, P. marneffei survives and replicates as a yeast inside the phagosome [14] . Within the phagosome, P. marneffei must protect itself from host defense mechanisms, such as the ROS and reactive nitrogen intermediate. Although the mechanisms by which this fungus survives within macrophages are not fully understood, the role of Cu, Zn SOD in the response of P. marneffei to the host cell is thought to be important.
In this study, we described the cloning and characterization of the P. marneffei gene encoding a Cu, Zn SOD, designated sodA . In addition, we demonstrate the differential expression of sodA during phase transition and macrophage infection. This is the first report to provide evidence suggesting that a Cu, Zn SOD gene is involved in the virulence of this pathogenic fungus.
Materials and Methods
Fungal strains, media and growth conditions P. marneffei CBS 119456 is a clinical isolate derived from a penicilliosis marneffei patient at Maharaj Nakorn Chiang Mai Hospital. The fungus was purified and identified as Penicillium marneffei by its characteristic morphology and dimorphic property. The pure culture was maintained in a mold phase at 288C on Sabouraud's dextrose agar (SDA). The conidia of the fungus were collected by washing and scraping the surface of colonies grown on malt extract agar slants, with a small volume of PBS, followed by filtering through sterile glass wool. The filtered conidial suspension was counted using a haemocytometer. Approximately 10 7 conidia were cultured in 50 ml brain-heart infusion broth cultures at 258C and 378C with continuous shaking at 135 rpm to produce the mycelial and yeast forms, respectively. After 96 h incubation, the cells were harvested by centrifugation at 1,500 )g for 10 min.
For macrophage infection experiments, conidia were co-cultured with macrophages or inoculated in cell-free medium. For the isolation of RNA from Saccharomyces cerevisiae, the yeast was cultured on SDA at 288C. A single colony was subsequently cultured in yeast peptone dextrose broth at 378C while shaking for 24 h. The yeast cells were collected by centrifugation at 1,500 )g for 10 min.
Genomic DNA and total RNA isolation Genomic DNA was isolated from P. marneffei mycelia by slight modification of a previously described method [15] . Total RNA was isolated from S. cerevisiae as well as P. marneffei conidia, mycelia and yeast cells by the mechanical disruption method using glass beads (0.5 mm diameter) in a mini bead beater (Biospec, Oklahoma, USA). Total RNA isolation was carried out following the manufacturer's protocol using the RNeasy mini kit (Qiagen GmbH, Germany).
Gene isolation
The isolated RNA samples from the yeast cells of P. marneffei and S. cerevisiae were amplified with degenerate primers. The degenerate primers, SOD-F and SOD-R (Table 1) were designed to two conserved amino acid regions of aligned fungal Cu, Zn SOD peptide sequences (Aspergillus nidulans GenBank: EAA66114 and Q9HEY7, Aspergillus flavus GenBank: AAM94904, Aspergillus fumigatus GenBank: AAL38991, Saccharomyces cerevisiae GenBank: NP_012638, Paecilomyces sinensis GenBank: AAR15417 and Cryptococcus neoformans GenBank: AAK31915). Amplification reactions were performed by using the OneStep RT-PCR kit (QIAGEN GmbH, Germany) according to the manufacturer's protocol. The purified RT-PCR products were cloned into pCR † 2.1-TOPO † (Invitrogen, Carlsbad, CA, USA) and used to transform TOP10 Escherichia coli competent cells. Recombinant plasmids were confirmed by Eco RI restriction enzyme digestion and those containing DNA fragments of the expected size were selected for DNA sequencing [16] . Sequencing was performed using an ABI PRISM 310 Sequencer (Perkin-Elmer, Norwalk, CT) with a BigDye TM Terminator Cycle Sequencing Ready Reaction kit (Perkin-Elmer). In addition, the PCR fragments of the P. marneffei Cu, Zn SOD gene were used as a probe in the cDNA library screening.
cDNA library screening for the full-length transcript of Cu, Zn SOD The P. marneffei cDNA library was previously constructed using a system of SuperScript TM Lambda and Ziplox vector (GIBCO BRL) [17] . To isolate the full length Cu, Zn SOD cDNA clone, the 250 bp RT-PCR fragment of the P. marneffei Cu, Zn SOD gene, sodA , was used as a probe to screen the cDNA library. Plaque hybridization screens were carried out by using the ECL Direct Nucleic Acid Labeling and Detection Kit (Amersham Pharmacia Biotech, Buckinghamshire, England).
Cloning of the Cu, Zn SOD gene
The complete genomic sequence encoding Cu, Zn SOD was obtained by PCR amplification of P. marneffei genomic DNA. The design of specific primers was based on the cDNA sequence (Table 1) . A 700 bp PCR product fragment was amplified by using a sense primer and the C-terminal by an antisense primer (PmSOD-F and PmSOD-R). The amplified PCR product fragment was purified by using the DNA gel extraction kit (Qiagen), subcloned into a pCR † 2.1-TOPO † vector and sequenced.
Analysis of sequenced data and phylogenetic tree construction
The cloned SOD-encoding gene from P. marneffei was analyzed on both the nucleotide and deduced amino acid sequence levels. Software used in searching for homology/similarity included the BLAST program (http://www.ncbi.nlm.nih.gov/BLAST) as well as the DNA translation software located at http://www.expa sy.org/tools/dna.html. The Cu, Zn SOD protein sequences of P. marneffei and 10 other species were aligned for phylogenetic analysis using the NeighborJoining methods from MEGA3 program [18] .
Macrophage culture and infection with P. marneffei
The mouse macrophage cell line derived from a reticulum sarcoma, J774.1 (ATCC TIB-67), was used in this study. Cells were maintained at 378C in 10% CO 2 in Dulbecco's modified Eagle's medium (DMEM; GIBCO, New York, USA) supplemented with 10% heat-inactivate fetal bovine serum and 100 mg/ml penicillin-streptomycin. Macrophage cells were cultured in 125 mm 2 canted neck culture flask for 3 days, the medium was then removed and replaced with 20 ml culture medium containing approximately 10 8 P. marneffei conidia (MOI 010). Cells were then incubated at 378C for 2, 4 and 8 h in the presence of 5% CO 2 . Flasks of cell-free media inoculated with conidia served as controls.
Preparation of P. marneffei RNA after macrophage infection
Samples were taken from 2, 4 and 8 h after the conidia of P. marneffei were added to adherent macrophage. The culture medium containing unadherent cells was gently removed and the macrophages were washed repeatedly with sterile PBS pre-warmed at 378C. Following extensive washing with PBS, infected macrophages were lysed with 0.5% SDS solution. The released conidia of P. marneffei were recovered by centrifugation at 900 ) g for 15 min, and then used for total RNA preparation. P. marneffei conidia, which were incubated at 378C in the cell free culture medium (without the macrophage cells), were similarly processed as the pre-infection control. RNA was isolated from both conidial samples by using RNeasy mini kit as described above. An aliquot of each RNA sample was checked for the absence of mouse DNA or RNA using mouse glutaraldehyde-6-phosphate dehydrogenase (GAPDH) specific primers in a PCR or RT-PCR assay, respectively (Table 1) .
Differential expression of the P. marneffei Cu, Zn SOD gene in phase transition and during macrophage infection
The RNA samples from P. marneffei in different phases (conidia, mycelia and yeast cells), as well as intracellular and control conidia (2, 4 and 8 h of incubation), were amplified with duplex specific primers using the OneStep RT-PCR kit (Qiagen) according to the manufacturer's protocol. One hundred or 50 ng of DNaseI treated total RNA was used as the template for RT-PCR. The SOD-encoding gene was amplified with specific primers (SOD-RT1 and SOD-RT2). The internal control consisted of a 630 bp PCR product amplified with specific primers for 18S rRNA (RRF1 and RRH1) [19] . The RT was performed at 508C for 30 min followed by an initial PCR step at 958C for 15 min. The subsequent 25 cycles of PCR amplification were performed at 948C for 30 s, 608C for 30 s, 728C for 1 min and a final extension at 728C for 10 min. A PCR without RT was performed to detect DNA contamination in RNA samples. The RT-PCR products were subjected to electrophoresis on a 2% agarose gel and visualized with ethidium bromide staining. Fluorescent intensity of the products was analyzed by using a program in GelDoc1000 (BIO-RAD, Hercules, CA, USA). To observe the differential expression, a relative expression level of expressed genes was calculated from the ratio of band intensity between the sodA gene and 18s rRNA control gene.
Accession number
The nucleotide sequence of the sodA gene isolated from the cDNA library was submitted to the GenBank database under the accession number DQ413185.
Statistical analysis
The mean and standard deviations of relative gene expression levels were carried out in duplicate experiments. The differences between groups were compared using Paired Sample T-test (SPSS version 11.0), where P B0.05 was considered as statistically significance between groups.
Results

Identification of Cu, Zn SOD
Cu, Zn SOD genes were identified in the RT-PCR experiments by using the RNA templates from Penicillium marneffei and Saccharomyces cerevisiae. The amplified products of about 250 bp were detected in both fungal RNA samples (data not shown). These products were cloned and sequenced. The nucleotide sequencing of the fragment produced from S. cerevisiae showed 97% homology to the previously derived Cu, Zn SOD gene of S. cerevisiae (GenBank: AY690619). By comparison, the RT-PCR product from P. marneffei showed 83% homology to the Cu, Zn SOD of Aspergillus fumigatus (GenBank: XM_748622) and Aspergillus oryzae (GenBank: AB226266), and 82% homology to Aspergillus flavus (GenBank: AF401280) (data not shown). Subsequently, this RT-PCR product of P. marneffei was used as a probe to screen the cDNA library.
Screening cDNA library of P. marneffei
The 250 bp Cu, Zn SOD probe was labeled and used in a plaque hybridization procedure to screen 3 )10 4 recombinant plaques from the P. marneffei cDNA library. This screen yielded 13 positive clones. One of these clones, a 667 bp Not I/SalI fragment, was purified and subcloned. Sequencing of the plasmid insert identified a portion that spanned 462 bp, which encoded a sequence with homology to fungal Cu, Zn SOD s. The cDNA encoding the putative P. marneffei Cu, Zn SOD, designated as sodA , had both a typical start codon (ATG) and stop codon (TAG), indicating that the full-length sequence was present.
Identification of Cu, Zn SOD-containing clones and sequence determination
The deduced amino acid sequence of a clone containing the full-length sodA transcript also displayed strong homology to the Cu, Zn SOD of other fungi. In particular, alignment of the predicted P. marneffei protein sequence with five other fungal Cu, Zn SODs by ClustalW analysis revealed a high level of homology (Fig. 1) . The SodA sequence showed the highest identity to the Cu, Zn SOD of Aspergillus fumigatus (87% identity). SodA apparently lacks a signal peptide, but it does have six His and one Asp residues, i.e., positions 47, 49, 64, 72, 81 and 121. Presumably, these residues act as the metal binding ligands that are typically found in other fungal Cu, Zn SODs. In addition, two conserved cysteine residues, i.e., Cys58 and Cys147, were noted to surround the active site of this enzyme and likely form an internal disulfide bridge.
Phylogenetic analysis of SodA
In the consensus tree, the Cu, Zn SOD peptide sequences from vertebrates and fungi form two separate clades (Fig. 2) . Within the fungal clades, the Cu, Zn SODs form two sister groups that represent genes from ascomycetous and basidiomycetous fungi. The P. marneffei SodA identified in this study was clustered in the ascomycetous group and appears most closely related to sequences from Aspergillus fumigatus and Aspergillus oryzae.
Cloning and characterizing the sodA from genomic DNA The genomic fragment corresponding to the entire region of ORF, presented in the cDNA sequence, was amplified by PCR using the primers PmSOD-F and PmSOD-R (Table 1 ) and sequenced. Comparison between nucleotide sequences from the cDNA library and genomic DNA revealed the compatibility of both, except for those of three non-homologous regions from the genomic DNA between nucleotide 194 Á246, 419 Á477 and 575Á622 (Fig. 3) . Analysis of these regions strongly suggested that they are introns of 52, 58 and 47 nucleotides, respectively. Their 5? and 3? ends conformed to the basic consensus, GT/AG, for the eukaryotic splice donor and acceptor site [20, 21] . These regions contained an internal putative splice box, which matched the filamentous fungus consensus sequence (CTRAY) upstream from the 3? end of the intron [22] .
Differential expression of P. marneffei sodA in phase transition and during macrophage infection Transcripts of sodA appear to be deposited in dormant conidia. However, the expression of sodA markedly Fig. 1 The alignment of fungal Cu, Zn SOD amino acid sequences. Shade residues indicate ]75% homology (black) or ]50% homology (gray). Sequences were aligned using the CLUS-TAL and shade by BOXSHADE (http:// www.ch.embnet.org/software/BOX_form.html); the percentage identity between Pmar and other sequences was determined by pairwise comparison using DIALIGN. The putative conserved amino acid sequences are marked. The Cu, Zn SOD sequences have six His (w) and one Asp residues (+), which act as the metal binding ligands, and two Cys residues (:) form the disulfide bond.
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The Copper, Zinc Superoxide Dismutase Gene of Penicillium marneffei 413 increased when conidia underwent conversion to the yeast phase by incubation at 378C for 96 h. Expression of the sodA in filamentous phase at 258C was substantially lower than that at 378C (Fig. 4A) and subsequently shown to be statistically different (P B0.05) (data not shown). In addition, during macrophage infection, the sodA transcript was significantly upregulated than in the conidial control cultured in cell-free medium (PB0.05). Also, the relative expression levels slightly increased during prolonged co-incubation of conidia with macrophage cells (Fig. 4B and 5 ).
Discussion
In this study, the Cu, Zn SOD encoding cDNA of P. marneffei was isolated and subsequently designated as sodA . The deduced amino acid sequence of this gene exhibited a high level of identity to other fungal Cu, Zn SODs, including from the ascomycetous fungi Aspergillus fumigatus, Aspergillus oryzae and Paracoccidioides brasiliensis, as well as to SODs from mammals, e.g. Mus musculus and Homo sapiens (data not shown). Moreover, the multiple sequence alignment showed many conserved sequence positions among all species. One of them is the catalytic site, encompassed the six histidine residues that coordinated binding of the copper and zinc atoms. Other conserved residues surrounding the active site included two cyteine residues. The later two residues form a putative disulfide bridge that is invariantly found for all eukaryote Cu, Zn SODs.
Cu, Zn SOD located at or just below the cell surface could have a hypothetical role in protecting the fungal cell against extracellularly generated superoxide. This postulated role would, of course, be most effectively performed by extracellular Cu, Zn SOD, which might or might not be associated with the fungal cell wall/ capsule. It is known from various studies that the addition of extraneous SOD to in vitro killing assays involving fungal pathogens may abrogate fungicidal activity [23 Á25] . Potentially, Cu, Zn SOD produced by the invading fungus might function in the same way and so act as a virulence determinant. In fact, the existence of cytosolic Cu, Zn SODs in a number of fungi, generally regarded as non-pathogens, such as Neurospora [26, 27] and Saccharomyces [3, 28] have been studied at the molecular level. However, it was not until 1995 that a Cu, Zn SOD from a commonly encountered fungal pathogen, Aspergillus fumigatus, was characterized [29] . The role of SOD in the pathogenesis of fungal infections is not clear. In some bacteria, SODs have been shown to be important for survival within macrophages and for virulence in animal models. For these microbes, it has been postulated that the mechanism for decreased virulence was increased susceptibility of the SOD mutant strains within macrophages [6] . In 2001, Piddington et al . [10] demonstrated that Cu, Zn SOD (sodC ) contributed to the resistance of Mycobacterium tuberculosis against oxidative burst products generated by activated macrophage. In 2002, Cox, et al . [11] cloned the Cu, Zn SOD-encoding gene (SOD1 ) from Cryptococcus neoformans and made mutants via targeted disruption. They concluded that the Cu, Zn SOD contributed to the virulence, but it was not required for pathogenicity in C. neoformans.
In this study, we demonstrated the differential expression of sodA during phase transition from the conidia to mycelia and yeast phase by using semiquantitative RT-PCR with exponential amplification. The downregulation of sodA transcript occurred in the mycelia phase, whereas expression increased in the yeast phase. This result suggested that the sodA might play an important role in the phase transition of P. marneffei , and may be important in vivo, as it would facilitate the intracellular survival of this fungus by providing a nontoxic environment in the macrophage phagolysosomes. Consequently, we demonstrated the differential sodA expression during macrophage infection. The results revealed that within the cell lines, the expression of sodA increases about 2-fold from the conidia control (Fig. 5) . As previously documented, P. marneffei resides in macrophages during many stages of experimental and human infections [14] and resistance to macrophagemediated killing may be important for virulence in this fungus. Thus, our findings strongly suggest that Cu, Zn SOD is involved in the virulence of P. marneffei . Our study also provides important clues as to how the antioxidant enzymes of fungal pathogens function in the infection process. Confirmation of this hypothesis needs further experiments to generate genetically defined sodA -deficient mutants and the use of animal models to study virulence in this important fungal pathogen.
